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ABSTRACT

The ipteraction due to the size misfit between;a'substitutional -
‘soluté atom and an edge dislocation is trea;ed_empiaYing aniéotropic
1inear elastiéity. The interaction energybcontoufs éndvforéefdisplace-
ment relation forvrigid‘glide of the dislocafion are computed for silQer
and cadmium solute atoms in a zinc matrix and coméared with the isotropic
treaﬁment.'.The results for cadmiﬁm are rather similér to. those of the
isotropic computation. .prever, for silver there éfe-lafge differencés
in the shapes.and magnitudes of the intéraction enefgy»aﬁd force rela-

tion between the isotropic and anisotropic treatments.
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I INTRODUCTICN
Solute afoms in dilute_soiution in a real crystal are weil—known ﬁo

act as locélized barriers to»dislocation glide. The solute atomc are
often approximatcd as point obstacles which exért boint forces on the
dislocation line. This point~o$stacle.approximation éonsiderably
siﬁplifies_the theoretical analyéis of the dislocation-inferactioh with
solute atoms.- iﬁ'éepafate réportsl’2 we showed:ghgt the equilibrium
cohfigufation of a disiocation of‘édgc orientatiqﬁ'inathé stress fieiav
of dilute substitutional solute étoms can’be.weli aépfoximated By»ciféu?
lar.bows_connecﬁing the equivalent point obstacles. We aléo'sh0wed that .
the relation of péint force versus displaéemeht of the dislocation can.'
be-reasopébiy well appréximatéd‘by the force-displacement rélatioh-féf:
rigid motion Of a straight edge disiocatiaﬁ.

_ The fqrce—disblacement relation for the straigﬁt dislocation is
_cUstomarily obtained by assuming elastic isotropy .of the métrix crystal.

But typical real crystals are elastically anisotropic. The application

‘of anisotropy has not been fully implemented in dislpcation theory

because analytié expressions‘for dislocations on princiﬁal'glide SyStems B
are unavailable or too complicated for most métals Qf:cubic'étfuctugg.
However for hcp Crysfals an analytic solutioﬁ'for thefdiSioéétionvstféss
fieldlis.avaiiabie in a relatiVely simple fofm.a in thiS’repogt, we
will utilize this result to COmputé the disiocationrsolute intéraétioﬁ_

energy for force-displacement relation in an hcp crystal. The formula-

‘tion is general. As a specific example we choose zinc as the matrix and

silver and cadmium as solutes and compare with existing results obtained

with an isotropic t_reatment.5
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Linear elasticity is assumed sufficient to chéracterize dislocation
behavior inethe crystal. The:interaccioh oerween;anjedge‘disiocation
and the substitutioﬁal.solﬁte atoms is assumed due to elastic size mis-
fit caused by the eoiote atoms. The interactions betwceoyeolute atoms
are‘hegléeted. In section 2 the interaction encrgies are‘formulatedbond
computed. in section 3, the force;displacemenr reiations are COmpuﬁed.
In_rhe 1ast.$ection, the relevance andevalidity of the_present approaeh

‘are diScuséed. / | |
II. INTERACTibN ENERGIES
The formulation of the disiocatioﬁ—solute interaetion is based on
:thevassumption,that the interaction is‘éiven oy the e}astio interaction -
between'the.etrees field of the edge.dieIOCarion-andzthe elastic size
misfit associated'with the.substitutional solute atom.. Tﬁis aseumbtionv

" allows a straightforward derivation of expressions for the interaction.

Ar' Formuiétion
When a solute atom is substiruted_for a host atom in.an aﬁisotrbpic.

matrix contalnlng an edge d1slocation, the matrix is anlsotroplcally
strained agalnst the dislocat1on stress fleld If ¢ is the tensor
strain_produced by the solute atom and G,is the loeelutensor StreSS due
to the dlslocatlon, then the interaction energy, S,vis

Ug'= = Dy FURENNCE =xy.2) )

. 1,3 o

where @ is the atomic volume’of the matrix atoms.
In ‘the coordinate system shown in Figure 1, an edge dlslocatlon on

“the basal plane lies parallel to [1010], and its Burgers vector is



parallel to‘[iZiO]. For this orientation the principal axes of the:
strain induced by a substitutiqhal solute atom are parallel to the
principal axes.of'thc dislocation stress field. Hence Equation (1) is

reduced to

US‘="£g: Oiieiin = —Q(exxoxx+eyyoyy+szzozz)_ (2)

_where the Uii's are given by Chou,4 and Q = /Eazc/é for the hcp;crYstal

with lattice parameters a and c. The principal strains e__, € (=¢ ),
- L . _ : .- . XX yy xx?

and €,, can be estimated from the lattice parameter variation with

average solute concentration S through the relation szz'= l_/c'dc/dco

7

and eyy f l/a'da/ﬁco.

B. Interaction Energy Contours

The interaction energies, US’ we}e’computed for silver and cadmium
respectively.  The principal strains, €547 were computed from room
temperature X-ray déta8 and arée € = ¢ = 0.35, e = -0.71 for silver

: v XX yy zz : S
and € =€ = 0.11, € = 0.27 for cadmium, respectively. The elastic

XX yy 7 zz » ' 4
constants of zine, silver and cadmium at room tempe_rafure9 were used in
Equations\Z and 4. The computed results of-US were plotted in solid
contours in Figure 2. The nﬁmerical values attached to contours repre-
sent the magnitude of theﬂehergy in electron volts.

The dotted circular contours in,Figuré 2.repfésént the.interaction
energy‘in the isotropic'approximation. These were'c0mpuﬁed backward
from reported values of theoretical "binding energy;"10 The elasticity
vthebry'breaks down in the'vicinity of the dislocation center. .Thuswﬁhe

maximum«interaction.energy at an arbitrary lower cut off radius of ome-

Bufgers vector has been canentioﬁally_regarded asfthé theoretical
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’ “bindiﬁg’energy."lo. The reported values of the "isotropic" computation
for silver and.cadmium soluteé in zinc are 0.16 and 0.22 eV, respectively.
The present "aﬁisdtfopié" treatment gives 0.47 and.0.27 eV, respectively.
The contrast between the "anisotropic'" and "isotropic" éontours for.
silver iS'moré‘distinct ﬁhan is the case for cédmium. ‘These ﬁontraéts
in binding energies and'contourS-shOW‘that'tﬁe "iSOtropic” approximation
may be misleading in some cases{_'
The.stfong'¢ontrasf between the shapes of "ahisotropic".contours_fbr
silver and cadmium séems ;onsistent.with fhe strgins‘(Eii) induced
around eéCh solute atomf - Even though the latticé'distortion aroqnd a
‘cadmium solute atom is.highlyvanisbtropic (ézz E?Z.S Exﬁ)’ it éauses_
only a slight deviation from the result of the‘"isotrépic” freatment’-L
becéﬁse the principal strains are of fhe:same sign. ‘But for a silver
solute atom thére is'é-significanf dé&ia;ion because the signé of the
priﬁcipal strains afe not the same. ‘A silver solute atom'éxpands the
héét lattice along the basal.plane,and shrinks along the diréction
'perpeﬁdichlar”éo'the_basal plane.8 ihus ﬁhe‘“anisotropic” contours are
shrunken along,the~z—a£is in Figuré 2(a) ieading tbwa éblittiﬁg df.the_
‘contours intovfwo leaves. Thué each silver solﬁﬁe étpmfhas tw&Iéitesvof
identicalrinteraCtion'enefgy with'fespecf'to the Qislocation center,
while each.cadmium'solﬁte atom has oﬁly one site_foria given inter—-
acﬁipn épérgy. This effect'ofvtﬁe alternafing signs ofvstrainé associ-'
ated with solute atoms are also-reflected,ih thé’shape of the force

. diéplécement relation in the following section.



W _ - III. _THE FORCE-DISPLACEMENT RELATION
The force per unit length of dislocation, F, for an edge disloca-

i

tion to glide rigidly as a whole with respect to an immobile obstacle is

B

obtained»from'the relation,
F =30 /0y : | S (5)

in the present coordinate system, where UI is an appropriate interaction
energy; - By computing F as a function of the dislocation displacément,
we can construct a diagram of the force displacement'relation.

For simplicity the'disiocation~glide plane was set on the mid-plane
Abetwéen two adjacent parallel basal planes. Then the distance from the
dislocation to the first two basal plaaes is ¢/4, and is 3c/4_to ;he
second nearest planes, where c is the 1attice'pataméter.along‘the c-axis.
Any substitutional solute afdms in the first planes can approach and
paas the dislocation as close as c/&,{whiah is'a sligﬁtly shorter dis-
tanée than'b/2 in zinc crystal. . At'this distance thé'interaction'ﬁay
nqt-beaexpressed by the 1inear.elasticityvbeCausa’of the core breakdown.‘
Howavér we'asaume‘that/tha linear elasticity is'valid:down to the dis~
tance of'c/h,‘since‘we are more.interésted to dembnstrate the effect of
Ltﬁevahiéotrbﬁy thaﬁ to establiSh.numerical values. The interaétionv
within the éore will be discussed in more detail in the next section.

The_cdmputed farce—diSplacement relations for silver and cadﬁium

: solute‘atoms wérevplottéd.in Figures 3(a) ‘and (bj, respectively. Tha .
»solid‘curves répresent ﬁha "anisotropic" force for theasoluta atoms
located inbthe firat agomic layer BelOw the glidé plané and theadaahed

curves apply to the solute atoms in the second layer. The dotted curves
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répresenf thé "jsotropic" forces for ﬁhevfirst layer solute atoms;fwhich '
'weré'computedrfrom the "iSOtfopic" ihteract;On énergy.'

The'coﬁtrast betweén the "énisotropic" (solid’lines) éhd "isotrqpi;"_
'r(ddtted 1ines) forqes'is more pronounced fér silver than for cadmium aé
was anticipatéd ftqmrthe contours in the previous section. Théfdiffer;'
ence between thé.beak values of the'ﬁaniSotropic" and;"isptropic" forces
is mﬁch lérger for-éilvér than for cadmium; ‘For cadmium the "éniéotropic“
'éurve foilows.éséentiallyvthe same trend as the'"isotropic"_ohe. For
silVerbit shows an almost_opposite beha?ior,.éspecially“whénvfhe hori-
~zontal diStance'between-the dislocation and solute atom is less than one
‘Burgers vectér.' The ﬁgximﬁm_péaksjéf the "anisotropicu.gnd "isotropic"

cﬁrves are 1ocated on the opposite sides of tﬁé vertical'axis and at
.almOst‘the‘sameydisténéeifrbmAtﬁe'axis. Beside this, the "anisotropic"'
curve for silver has a sécond.peékiﬁhich-is higher ;haﬂ thé ﬁiéétfépic"
~ peak. Thié‘pecﬁliar behaQidr of-the'"aﬁisotropit" force—disp1acemént
' rélation.is,é.direct’result'of thg_shapé ofithe iﬁteraction energy
'contéﬁrs;“'The'solute atom occupying>a lattice éite in an atbmic'layer
'Below the glide plgne'haé two poténtial valléys; éhe in'froﬁﬁ and_fhe
: other in the rear of the solute atdm'itself. Thﬁs an.edgé dislocatioﬁ ‘
‘bépproaching‘aﬁdvﬁassing the sbiﬁté a;oﬁ has to cross tﬁg‘twp valleyé and
this>céuses the tﬁo peaks andwtwo‘VAlléys in‘thé fofée—displacement
relation.- | | | |

The.sblﬁté atoms in‘the‘éecond atémic:layér below the'giidebplane
induce a fotce—displacement,relatiqn.oflessentially the saﬁe'pattern.'
The values éf the peak forces and their séparafions ffpmbthe dislocation
céntef'aré‘of one ninth.df and thxée times of those offthe first'léyer

‘solute atoms.
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T S IV. DISCUSSION
A. Core Range\'

Within the dislocation core, atoms are seVerelyvdispiaced from thé
regular lattice sites. The straiﬁvaSSociated with thié'displacement is
conSidered“tod'large to be tteated;with.linear elasticity. Furthefmore,
the'linearvelastigity equation has an inhérent siﬁgularity'at the origin
of"the coordinate system. - The‘Peierls+Nabar:o disibcation model_tén.
reﬁbve éuch a singularity.ll. Butvthe‘mddel Has been constructed-by
" means of the linear eiasticit§ and its application to the dislocation
core region may not be justifiable.' |
| It has been a common'préctice to-assﬁme-thht linear elaéficityris
valid evefy@here eicept within the core range aﬁd-toileave fhe core
rénge out of the aﬁalYSis.. It is conceivable, however, thatltﬁe:most
meaningful pa?t-of'the dislocation—solﬁtevinteraction'may occur within
the édre.v Thus Cottrelllz suggestéd a COrrection’péramefer'as follows.
The  "isotropic" ipteraction enefgy U due to thé elastic size misfit is
given by U = Az/y2+-z2 in the present coordinate system, where A'is a
constant determined by the matrix_crystal and the solﬁte étom. In the
po%ar coordinaté system through the transformation y = r.cosle and
.z =r sin 8, U ="A sin 8/r. To remove the bfeakdown'Cottrell intréduégd
an adjﬁstable\ﬁéfameter p such that U % Absiﬁ'ef(r + p). Stefanskf and
Dorn13 also infroduced”a'corfectidn parameter Which‘is a ﬁathématical
equivalenF to the Cottréll's-parameter.. Thié correétion is suppoéed tq
_be éignificant only within the core and imperceptibly émallvbufside the
core. In principle the correction pafametef ;an-be detérﬁined'by

comparing the measured and computed '"binding' energies. However, this
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procédure.ihvolves'soﬁe sub;lety since it‘iS'diffiéult'tb estimaté-the_
éontribution from each source of interaction to the measured tbtal
interaétion;énergy.

| A moré reasonable estimation of fhe'corréc#ion parameter may come
._ffom thébafplication of suitable interatomic poﬁehtials to fhe étomistié
" model of dislocation. Such application was already made to the disloca-
tion interaction Qith-vacanciés aqd self—intérstitiéls;la_but'haQé yet
fo be extended to the.interactidn,with fofeign solﬁté.étoms. The esti~-
" mation of.the eiaéticvlower liﬁit hés been dbne'throughvtﬁevcbmfutation
of dislbgétion éelf—énergy énd has turnedroutﬂgo‘bg muéh smallér than.-:

one Burgers vector.

B.. Elastic Size Misfit - s

+ The magnitudés of ‘the strain—compoﬁents (eii)v5536giatéd:with the

- solute atoﬁs seem too highvfor thé‘present linear elastiéity approach to
,_bevprééise; ‘However, if?one noticés the répid change. in the lattice
 pérameters8 of the zinc matrix as@the solu#e-contenf‘(silyer and cadmiﬁm)
increasés, one ;éuid:realize théfifﬁere must_bé a sevéfe défbfmation of
‘.l tﬁe matrix by ﬁhe soiute atoms. One can also expect very:lgrge values
éf the interacﬁion energy and forces. The deférmation.is S0 seVere'that
these>alloys (Zn—Ag_and.zn—cd) db nbt seem to remain as a single bhase>
'éven at a sﬁall’éolutéigbnfent."Thése‘solute atoms haVe; in fact, veer‘
limited_splubiliﬁiés in zinc, oﬁiy S and 1.7 atomic pércent for silver

and cadmium respectively.



C. Results and Implication

'The'numerical'results in this repért may be very difficult to
confipm eXpe;imentally. .The only availéble-experimegﬁél "bindiﬁg energy"
or a(cadmiumfsolute atom in zinc'was obtained using an internal friction
method and is:0;07 eVS.' The present'computatiOn~gives O.27 ev. However, 
the "émpirical.value"itself was obtained throughvan indiréct theoretical
‘fefefence,17'from the internal friction data;:hence ifs precision is
uncertain. A qualitative cbnfirmation of the "anisotropic" featu;e‘for
‘silvef'solute may be a very difficuif5£ask, also. Current:expérimentél
techﬁiques ére not very sensitive to the variaf;oﬁ_in the shapesﬂof the
forceedisplaéemént'diégram or the interaction 'eneréy contours.

The "anisotropicf treatment does not induce any extra difficﬁlty_ih
the theéretic?i analysis of the'solpté—dislocation interaction for the' 
éase of cadmium. ' It causes simply a numerical amplificatién of the
.force—displaéement diagram. waever, for the casé_bf'silver, the. -
existence“ofxthe'secondary peak.in the force-displacement diagram_

- presents some additional complications in the'dislo¢ation'mdfion.
Conéider the thermally.agtivaﬁed glide of a dislocatiéﬁ throﬁgh a»dis—
tribution of thevsilver solute atoms in ﬁhe.zinc matrix under the
influence of an external force. Thevdisiocation'ﬁay have fo be_activated
twice to overcome one of the solute étoms wﬁich are pinning’the disloca-
tion, even if fhe agtivation energy for the_primary peak is much larger
fhan for the secdndary peak. The“diéloéation'may-ijp’to an.intermediate
configdration of stable equilibrium between the two peaks;of the force-

displacement diagram after the initial activation. Thus in a certain

configuration 6f the dislocation and solute atomé along'the dislocation,
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the strength of some of the solute atoms as obstacles to the dislocation
- glide may be .characterized By_the secondary peak rather than the primary-
peak. If, however, one of the two peaks is much higher than the other,

'these_additipnal complications may be safely ignored.
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FIGURE CAPTIONS
Cartesian coofdinate system in hep crystal.
Intéraction energy contours (a) for Ag ahd (b) for Cd in Zn,

Solid lines for "anisotropic" and dotted lines for "isotropic"
contours. , , _ S .

K¢

Force-displacement diagrams (a) for Ag and (b) for Cd. Solid
and dashed lines for "anisotropic" diagram for solute atoms in
the first and second nearest planes below the dislocation. o
Dotted lines for "isotropic' diagram for the first layer solute
atoms. : ‘ ' o ' :
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